. The landing site of NASA's Curiosity rover, Gale crater, which formed 3.61 billion years ago 10 within older terrain 11 , provides a window into this earliest igneous history. Along its traverse, Curiosity has discovered light-toned rocks that contrast with basaltic samples found in younger regions 12 . Here we present geochemical data and images of 22 specimens analysed by Curiosity that demonstrate that these light-toned materials are feldspar-rich magmatic rocks. The rocks belong to two distinct geochemical types: alkaline compositions containing up to 67 wt% SiO 2 and 14 wt% total alkalis (Na 2 O + K 2 O) with fine-grained to porphyritic textures on the one hand, and coarser-grained textures consistent with quartz diorite and granodiorite on the other hand. Our analysis reveals unexpected magmatic diversity and the widespread presence of silica-and feldspar-rich materials in the vicinity of the landing site at Gale crater. Combined with the identification of feldspar-rich rocks elsewhere 9, 13, 14 and the low average density of the crust in the Martian southern hemisphere 15 , we conclude that silica-rich magmatic rocks may constitute a significant fraction of ancient Martian crust and may be analogous to the earliest continental crust on Earth.
Current understanding of the Martian crust is largely based on orbital spectroscopy [1] [2] [3] [4] and meteorite analysis [6] [7] [8] , which both indicate the predominance of basalts, thought to have formed through partial melting of the mantle. Indeed, the composition of younger Hesperian and Amazonian volcanic terrains is consistent with production of liquids from a mantle that was cooling over time 3 . However, in contrast to the Earth, evidence for significant volumes of deep-seated silica-rich 'continental crust' is lacking on Mars. Localized outcrops of feldspar-rich and silica-rich material have been identified using thermal emission spectroscopy 1, 9 and some nearly pure feldspar lithologies have been observed by visible and near-infrared spectroscopy 13, 14 , although there are inherent challenges in characterizing silicic rocks using these methods. Understanding the petrogenesis of these rocks requires information on their texture, composition and mineral chemistry, which can be obtained only with in situ measurements.
The Mars Science Laboratory rover Curiosity landed in Gale crater at the northern edge of the highly cratered Noachian highlands. Curiosity's drive began at the Bradbury landing site, subsequently crossing a distal portion of the alluvial fan derived from Peace Vallis, a fluvial channel cutting through the northern rim of Gale crater ( Supplementary Fig. 1a,b) . Gale crater is unique with the identification of highly alkaline rocks 16, 17 , feldspar-rich soils 18 and evidence for feldspar-dominated rocks 19 . Here we focus on leucocratic rocks encountered by Curiosity, concentrating on results from the ChemCam instrument, a laser-induced breakdown spectrometer (LIBS) that provides chemical analyses at a submillimetre scale and detailed images with the Remote Micro Imager 20, 21 (RMI). Twenty-two light-toned igneous targets have been selected along the traverse (Supplementary Table 1 ). They are floats within the Hummocky unit ( Supplementary Fig. 1b) closely associated with discontinuous conglomerate outcrops (for example, Fig. 1d ) of the Peace Vallis system. These rocks have been transported by, and are thus older than, the fluvial system, making them Noachian in age 11 . Their ultimate provenance is a subsurface crustal sequence, several kilometres thick, sampled through the northern wall of the crater.
These light-toned rocks have been grouped into three classes based on crystal textures observed with onboard cameras (Fig. 1) .
Group 1 rocks are coarse grained (>5 mm), dominated by leucocratic minerals (∼80% of the rock volume: Supplementary  Fig. 2b ). Rock surfaces vary from flat ( Fig. 1a-c) to a knobby appearance (Fig. 1b) . Pearly coarse crystals (>5 mm) are locally intergrown with finer (1 mm) rectangular translucent grey grains in a graphic texture (white arrow in Fig. 1a ). Anhedral dark grey material forms 20% of the rock (red arrow). Grain sizes and shapes suggest igneous intrusives.
Group 2 samples are vesiculated with conchoidal fractures and shiny scoriaceous surfaces (Fig. 1f) . They are largely aphyric at the RMI resolution of 100 µm and they seem to be effusive volcanics.
Group 3 rocks are porphyritic with euhedral, leucocratic phenocrysts up to 2 cm long and 2 mm wide constituting ∼50% of rock volume ( Supplementary Fig. 2a ) embedded in a dark matrix (Fig. 1d,e) . These rocks have textures typical of effusive rocks and occur both as float rocks and as clasts (∼10 cm in size) in polymict conglomerates (Fig. 1d,e) .
Of the 22 samples studied, 11 were selected for their pristine appearance (Supplementary Information). Ninety LIBS measurements on these rocks have been analysed using independent component analysis (Methods). When plotted in an Al versus Si diagram ( Fig. 2) with the four silicate-based ChemCam Calibration Targets onboard Curiosity (three synthetic basaltic glasses and a natural 'macusanite' rhyolite 22 with 72% SiO 2 and 16% Al 2 O 3 ) analyses from leucocratic rocks (groups 1 and 2) plot in the Al-Si-rich felsic range. Group 3 rocks plot in the mafic range with the basaltic calibration targets. Some overlap occurs between groups 1 and 3, as both contain a mixture of mafic and felsic materials. Felsic groups 1 and 2 are not as siliceous as the rhyolite calibration target, and Al/Si in the coarse intrusive rocks of group 1 is high. Independent classification using a hierarchical clustering method ( Supplementary Fig. 3 ) leads to identification of three chemical clusters for these 90 individual points. The first is CaAl-Si-Sr rich pointing to analyses dominated by plagioclase. The second cluster is rich in K, Al, Si and Ba (Supplementary Table 4 ) consistent with a K-feldspar component. The third cluster is rich in mafic components and may be subdivided into a Si-bearing, Mg-Ca-rich cluster and a Ti-and Fe-rich one ( Supplementary  Fig. 3 ) consistent with mixtures dominated by clinopyroxene and Ti-rich oxides. Further details of the relative proportions of individual phases can be found in the Methods.
Oxide concentrations for each analysis have been quantified using a univariate technique 22 Table 1 ). The purple diamond is the rhyolitic macusanite calibration target (37% quartz, 38% albite, and 23% orthoclase), and the other purple symbols are the mafic basaltic calibration targets. Whole-rock compositions for each rock type have been estimated (Methods and Supplementary Table 5 ). All rocks of group 2, with grain size smaller than the laser beam diameter, have SiO 2 > 64 wt% and Na 2 O + K 2 O > 10 wt% consistent with a trachytic composition in total alkali versus silica diagram (Fig. 4) . For coarser-grained group 1 rocks, only samples with multi-point rasters were selected to estimate whole-rock composition. The calculated average composition (Supplementary Table 5 ) has ∼64 wt% SiO 2 , and (Na 2 O + K 2 O) ∼ 4.5 wt%. These rocks are poor in mafic oxides (for example, FeO + MgO + TiO 2 < 12 wt%) and they have an evolved Mg# of ≈0.20-0.30. Normative calculations (Supplementary Table 5 ) indicate 11-25% quartz, 40-62% plagioclase (An 40-49 ), 5-16% orthoclase, 15-21% pyroxene and a calculated density of ∼2.8 g cm −3 , corresponding to quartz monzodiorite/quartz diorite and granodiorite. The whole-rock compositions of porphyritic group 3 rocks were constrained through a combination of modal proportions ( Supplementary Fig. 2b ) and compositions of the constituent phases (see Supplementary Fig. 4 , Supplementary Table 5 and Methods for details). Calculated compositions plot in the trachyandesite field (Fig. 4) and normative calculations indicate 56% plagioclase (An 34 Ab 65 ), 20% orthoclase, 17% diopside, 6% hypersthene and 0.5% ilmenite. Rocks from groups 2 and 3 define a geochemical trend, from more primitive porphyritic trachyandesite rocks to evolved trachytic samples (Fig. 4) .
The bulk composition of igneous rocks observed at Gale, with SiO 2 reaching 67 wt% and Na 2 O + K 2 O reaching 14 wt%, greatly extends the magmatic diversity observed by lander missions. Although the Mars Exploration Rover Spirit found alkali-rich compositions during its examination of the Noachian terrain in Columbia Hills (Na 2 O + K 2 O up to 5.5 wt%), those rocks are basaltic with bulk SiO 2 content <52 wt%. Furthermore, they did not exhibit visible feldspar phenocrysts and were interpreted as volcanoclastic tuff 23 . On the other hand, the Martian meteorites NWA_7533 (ref. 7) and NWA_7034 (ref. 8) are Noachian breccias that include millimetre-sized lithic clasts containing andesine, anorthoclase and K-feldspar 7, 8 providing independent evidence for early alkali-rich magmatism on Mars, but they are quartz-free.
The generation of alkali-rich parent basalts may be related to low-degree partial melting of the mantle. For example, the compositional trend of groups 2 and 3 is consistent with the 1 bar liquid line of descent for a primary basalt produced by 6% melting at 1 GPa (Fig. 4) . Near-surface crystallization of such primary liquids should be associated with low proportions of olivine and high proportions of plagioclase, contrasting with later Hesperian volcanism 12, 24 , but compatible with terrains of Noachian age 25 . If such alkaline magmatism is indeed a widespread feature of the Noachian, this would challenge the simple idea of continuous cooling of the Martian mantle over geologic time 3 , pointing to more complex global or local variations in mantle temperature, for example, associated with the onset or waning of plumerelated magmatism.
Our most intriguing finding is the quartz-normative rocks of group 1. Texturally, these rocks are clearly intrusive, originating from a deep-seated unit (quartz diorite/quartz monzonite/granodiorite composition). As such, they differ from andesite (Mars Pathfinder dust-free rock composition 26 in Fig. 4 ). This unit could be a local pluton, formed through the fractional crystallization of a low-alkali parent. However, we note that quartzo-feldspathic material has also been detected in other distinct locations: ancient uplifted material near the central peaks of craters in the north of Syrtis Major 25 ; near the rim of Antoniadi Crater 9 . Furthermore, spectra of the CRISM instrument have shown sporadic feldsparrich deposits interpreted as either 'anorthosite' 13 or 'granite' 14 in other regions. As orbital detection using visible and near-infrared spectroscopy is capable of identifying feldspar only if the rock is essentially devoid of mafic minerals, these geographically dispersed detections may represent endmembers of more widespread Si-rich intrusive lithologies and it is possible that rocks similar to group 1 samples occur throughout the Martian highlands crust.
Further evidence in favour of this idea is provided by consideration of average crustal density 27 . The density calculated from in situ data, Martian meteorites and gamma-ray measurements (>3,100 kg m −3 ) is considerably higher than the density of the highlands crust constrained by geophysical data 15 , a paradox that could be solved by a buried 'light' component in the southern hemisphere 28 . Our observations thus provide the first in situ evidence for such a buried crust, while at the same time constraining its petrology.
Class 1 samples are petrologically reminiscent of Archaean trondhjemites, tonalites and granodiorites, some of the Earth's oldest preserved crust 29 , and consistent with the interpretation of highsilica material detected from orbit 25 . In detail, we note that the lower 26 . Group 2 (brown symbols) and 3 (green symbols) are on the alkali field along a common trend starting from trachy-basalt (dark-green symbols; Supplementary Table 5 ). The dotted black line is a calculated 1 bar fractional crystallization trend of a primary liquid (details in the Methods). The Jake-M alpha-particle X-ray spectroscopy analyses 16 (dark grey squares) are shown for comparison. The SNC blue field includes all Martian meteorites except the Noachian breccia NW7533.
Mg# of the Martian mantle and its higher potassium content relative to the Earth may explain the lower Mg# of our group 1 samples and the absence of tonalite compared with terrestrial samples. Pursuing this analogy, we propose that generation of granodiorite (or rocks slightly poorer in silica such as quartz (monzo-)diorite) could occur through partial melting of pre-existing basaltic crust at relatively low pressure. On early Mars it is possible that dense primitive crust sank into a hot and soft lithosphere leading to partial melting, although further work is required to explore the details of the geodynamical context and the nature of the volatiles required for remelting of primitive mafic crust. An alternative scenario may involve formation of a Martian equivalent of icelandites 30 , rocks that have bulk compositions similar to our group 1 samples. Their presence has been previously proposed to explain dust-free silicarich compositions observed by Pathfinder 26 and they have been suggested as a component of the earliest continental crust on Earth 30 . Independently of their formation process, our data point to the possibility of generating 'continental' crust on Mars, making the early geologic history of Mars much more similar to that of the Earth than acknowledged at present.
Methods
Methods and any associated references are available in the online version of the paper. Modal abundances based on the RMI images of Harrison were analysed with ImageJ 1.47v, which is a software in the public domain and available from the National Institutes of Health of the United States. The RMI image was first converted to a binary image in which feldspar crystals appear in white and dark crystals in black ( Supplementary Fig. 2b , right side) and in Supplementary Fig. 2a (Harrison, merged RMI and Mastcam images). Areas of the image were then analysed to determine the percentage of leucocratic material. Three such analyses were performed, one with 10 mm × 10 mm areas and two with 5 mm × 5 mm areas. For the 10 mm × 10 mm analysis, eight non-overlapping areas in two rows were measured across the top part of the porphyritic region of Harrison. For the first group of 5 mm × 5 mm analyses, eleven overlapping areas starting in the upper left of the crystalline area and ending at the lower right edge of the rock were measured. For the second group of 5 mm × 5 mm analyses, thirty-five areas were chosen from four regions of the rock where the contrast between the crystals and matrix was high and where fractures and shadows were not present. Within these four regions each of the thirty-five areas overlapped with a quarter of the area of the images next to them. The average percentage of matrix and the standard deviations of the averages are given in Supplementary Table 2 . The crystals, which are brighter than the matrix, make up between 52 and 55% of the rock. The three analyses are the same within 1 s.d., so the surveying method does not seem to have affected the result. The analysis of the thirty-five 5 mm × 5 mm high-contrast regions of the rock provides our best estimate of the percentage of matrix (46%) and light crystals (54%) in Harrison, because it avoided fractures and shadows that were included in the 10 mm × 10 mm survey.
LIBS data processing. Of the 22 samples studied, 11 targets were selected for their pristine mineralogical features and their significant number of chemical analyses. Ninety individual points with 30 laser shots were taken giving a total of 2040 LIBS spectra. These spectra were processed removing the first five shots, which are potentially contaminated by dust, and averaging the remaining 25 spectra. The raw data are processed to remove the noise, the continuum, and the ambient light signal. An instrument response function is corrected for, and the spectra are also corrected in wavelength 33 .
Qualitative data processing using independent component analysis (ICA). In general terms, the atomic emission line spectrum obtained by ChemCam offers the opportunity to determine compositional variations from small-scale spectral variations. For this purpose, qualitative tools such as hierarchical clustering algorithms 34 and ICA (ref. 35 ) were first applied using the whole spectral range.
The clustering algorithm is using the ICA components as inputs. We adopt a divisive algorithm 33 that starts with the entire data set followed by iterative binary subdivisions, to search the main data structures. This hierarchical method is also appropriate to find the optimal number of clusters and reveals relations between a parent unit and its sub-units. The schematic dendrogram ( Supplementary Fig. 3 ) presents 5 clusters (A, B, C, D, E). To first order, the analysis distinguishes felsic (A, B, C) from mafic compositions (D, E). The felsic cluster represents 60% of the points classified in this work. On the felsic side, two subclusters are clearly defined: Ca-felsic (A, B) and K-felsic (C) sub-cluster. A1 and B1 boxes in Supplementary  Fig. 3 include Ca-felsic targets of group 1 and the core of zoned phenocrysts form group 3 porphyritic targets. B2 is located close to the K-felsic targets of group 2 (C) and is a mixture of K-feldspar and Mg and Fe interstitial matrix. It includes the whitish rim of zoned feldspar phenocrysts in the porphyritic rock Harrison of class 3. Mafic compositions include 45% of observation points in porphyritic rocks (class 3) and correspond to the dark matrix. Slightly less than 20% of the points in coarse intrusive class 1 (red text in Supplementary Fig. 3 ) are mafic minerals, which are limited in abundance in these light-toned rocks.
ICA is a multivariate analysis technique used to classify components of the spectra 35 . The method produces 'scores' that are linear combinations of the emission peak intensities weighted by 'loading vectors' . The loading vectors for ICA of LIBS spectra have an appearance similar to single-element spectra with strong peaks corresponding to atomic emission lines. ICA has been trained by the ChemCam team to return scores of Si, Ti, Al, Fe, Mg, Ca, Na, K, H and Li for each target point: these scores are monotonic and positive functions of the elemental abundances.
Detailed mineral analysis of Harrison using ICA on shot-to-shot variations in composition with depth is shown in Supplementary Fig. 4 . A diagram plotting Na versus K allows Na-feldspar (points 12, 14, 15 and 16) and K-feldspar (points 3, 8) rims to be distinguished. The apatite needle inferred from the Ca-F peak is discussed in ref. 36 .
Quantification using univariate data processing. For quantification purposes, we use calibrations based on the onboard ChemCam standards (CCCTs) to infer compositions and elemental ratios 22, [33] [34] [35] [36] [37] . Elemental compositions were determined from the processed spectra using univariate analysis 22 . Univariate is preferred over multivariate calibration in particular for the felsic targets owing to the lack of sufficient feldspar-rich endmember representation in the multivariate training set 33 . Our analyses used calibrated ratios of spectral emission peaks to provide elemental ratios directly rather than first determining abundances of these elements and then determining the element ratios. In ref. 22 it was shown that univariate calibration curves present good correlation coefficients with low relative standard deviations for major elements for some ratios. Ratios used in this study are Al/Si, (Fe + Mg)/Si, which are discriminators between felsic minerals (Fe-, Mg-free) and mafic minerals (Al-free). They reflect the mineral composition of the rock. Owing to a dearth of high-alkali concentration targets in the CCCT, alkali abundances are estimated using data obtained on Mars with the CCCTs and also on selected Martian fine-grained targets analysed by both alpha-particle X-ray spectroscopy and ChemCam, for which the two instruments showed good agreement for most elements 22 . The accuracy of the quantification values shown in Fig. 4 is calculated using a confidence interval of 95% from calibration curves produced using data from the CCCTs (Supplementary Fig. 5 ). In detail, the regression line should be applied only for values falling between the lowest and highest reference values. In our case, this is not always possible, especially for high-alkali contents even after adding the alpha-particle X-ray spectroscopy cross-calibration targets. The worst accuracy is for targets with values higher than the CCCT references.
Precision of the technique has been calculated using several data analyses obtained on the shergottite CCCT on Mars 22, 37 . This precision is a measure of the reproducibility of the LIBS technique itself. The precision of the measurement has also been evaluated using data from the Sheepbed mudstones, which are homogeneous fined-grained rocks 38 . This precision obtained from Sheepbed targets can be used as an upper limit for the precision in general, as this includes some of the geochemical variations in those targets. In both cases, the precision is given in Supplementary Table 3 .
The rationale for Al/Si versus (Fe + Mg)/Si diagram. Such a diagram is useful to distinguish the anhydrous igneous minerals 19 : plagioclase (alkali-anorthite solid solution), nepheline and quartz (or other Si polymorphs) plot on the y axis whereas mafic minerals (augite, pigeonite, orthopyroxene and olivine) plot on the x axis. Mixtures of pyroxene, olivine and feldspar typical of basalts may therefore be expected to define a three-phase triangle. Increases or decreases in the abundance of one or more minerals result in compositional trends away from an apex of that triangle. For points within these triangles, it is impossible to distinguish chemically a mechanical mixture of different minerals from glassy material with basaltic composition. RMI images are then used to determine the grain size. For anorthite-rich compositions, it is not possible to distinguish nepheline from plagioclase. However, quartz and nepheline being petrologically mutually exclusive, silica-rich rocks cannot contain nepheline. Hydrous mineral phases such as montmorillonite, kaolinite and zeolites also plot on the y axis but have not been identified in the present study, where all felsic compositions are hydrogen-poor, that is, anhydrous.
Whole-rock composition estimation. Whole-rock compositions have been estimated for targets with a good sampling, that is, when the crystals are smaller than the laser beam or when at least 9 point analyses have been performed. We were able to calculate the whole-rock composition of a total of seven targets including Black-Trout (Supplementary Table 5 ). For rocks in group 1, only targets with at least 9 point analyses have been taken into account. For rocks in group 2, WR compositions were obtained by averaging all of the mean spectra obtained for each point analysis for each target. Group 3 rocks are porphyritic and therefore we combined the modal proportions (see Supplementary Fig. 2 and Supplementary Table 2) with the average composition obtained on felsic points (points 12, 14, 14, 16) and mafic ones (points 1, 4, 5, 9, 13). This was possible only for the target Harrison, where two whole-rock calculations have been made, Harrison 1 and 2.
Calculation of liquid line of descent using p-MELTS. The compositional trend described by classes 2 and 3 from Gale crater is compared with a predicted liquid line of descent in Fig. 4 . For these calculations (dotted line in Fig. 4) , the first step was to calculate primary liquid compositions produced by mantle melting. For this exercise, the p-MELTS thermodynamic calculator was used 39 , employing the mantle composition of ref. 40 as a starting composition, assuming an oxygen fugacity 3 log units below the FMQ buffer, and applying corrections to FeO, SiO 2 , CaO and Al 2 O 3 to account for the Fe-rich nature of the Martian mantle, as described in refs 3,41. Simulations were performed at 1, 1.5 and 2 GPa for degrees of partial melting from 3 to 30%. Fractional crystallization of these primary liquids was then simulated at a pressure of 1 bar and an oxygen fugacity 3 log units below the FMQ buffer using the MELTS software 39 . The best fit to the compositional LETTERS trend described by classes 2 and 3 from Gale crater is found for fractionated liquids of primary melts produced at 1 GPa for degrees of partial melting of the order of 6%, as illustrated in Fig. 4 . Micro gabbro (Beacon and Black-Trout 42 ) have been included (Supplementary Table 5 ) as the mafic endmember of the calculated liquid line. The alkaline-subalkaline boundary curve in Fig. 4 is from ref. 43 .
